The effect of interfacial interactions on the initial growth of Cu on clean SiO 2 and 3-mercaptopropyltrimethoxysilane (MPTMS)-modified SiO 2 substrates by sputter deposition was studied using transmission electron microscopy, energy dispersive X-ray spectroscopy, and X-ray photoelectron spectroscopy. Plasma damage during sputter deposition makes surfaces of MPTMS-modified SiO 2 substrates consist of small MPTMS islands several tens of nanometers in diameter and bare SiO 2 areas. These MPTMS islands are composed of disordered multilayer MPTMS aggregates. The initial growth behavior of Cu on MPTMS-modified SiO 2 substrates differs from that on clean SiO 2 substrates, although Cu grows in 3D-island mode on both of them.
I. INTRODUCTION
Interfacial interactions of metals with oxide and polymer surfaces play a key role in improving adhesion, 1,2 inhibiting corrosion, 3, 4 smoothing surface, [5] [6] [7] and achieving selective deposition. 8, 9 Among them, Cu-SiO 2 system has attracted great interest recently because of its application to catalysis for alcohol oxidation 10 and to interconnect metallization in ultra-large scale integration (ULSI). 11, 12 However, Cu however, has a low sticking probability, 13 poor wettability, and poor adhesion 14, 15 on clean SiO 2 substrates during thermal or sputter deposition, due to the lack of reactivity between Cu and SiO 2 . 16, 17 By enhancing interfacial interactions, methods such as ion bombardment, 18, 19 heat treatment 20 , and introduction of an intermediate layer 21, 22 are effective for improving such thin film properties as surface morphology, wettability and adhesion, etc. However, reports on the mechanism of improvement of these thin film properties are scarce. The effect of interfacial interactions on thin film properties is reflected in the initial growth behavior of thin films. Therefore, the study of the initial growth under different interfacial interactions can clarify the relation between interfacial interactions and thin film properties, and can help predict and control thin film properties during the deposition process.
The purpose of this research is to investigate the effect of enhanced interfacial interactions on the initial growth behavior of Cu. In this study, we introduced an intermediate 3-
mercaptopropyltrimethoxysilane (MPTMS, (CH 3 O) 3 SiCH 2 CH 2 CH 2 SH) layer between Cu and
SiO 2 to increase interfacial interactions. n-Alkanethiols have a strong affinity to 1B elements, such as Au, Ag, and Cu, to form well-ordered self-assembled monolayers (SAMs) on metal surfaces. [23] [24] [25] Likewise, organosiloxanes react with hydroxyl groups on hydroxylated SiO 2 surfaces to form SAMs, as well. 26, 27 Because MPTMS has both siloxane and thiol function groups, it acts as an effective coupling agent between Cu and SiO 2 .
feature of MPTMS layers, our study of the initial growth of Cu on MPTMS-modified SiO 2 substrates will also help clarify interface formation and adhesion improvement between metals and organic thin films applied to low-dielectric materials in future ULSI. 29, 30 In this paper, the surface structure and morphology of MPTMS-modified SiO 2 substrates were first investigated using X-ray photoelectron spectroscopy (XPS), contact angle measurements, and atomic force microscopy (AFM). Then, the initial growth of Cu on clean SiO 2 and MPTMS-modified SiO 2 substrates were compared using transmission electron microscopy (TEM). Finally, the effect of interfacial interactions on the initial growth of Cu was evaluated using energy dispersive X-ray spectroscopy (EDS) and XPS.
II. EXPERIMENT A. Substrate preparation
Si(100) wafers with a sputter-deposited, 10-nm SiO 2 thin layer were cut into 2×2 cm substrates. These substrates were hydroxylated via treatment with a 1N HNO 3 These hydroxylated substrates were then rinsed with deionized (DI) water, and dried by heating in an oven at 100 °C for 30 min. They were then immersed in a 0.01-0.04 M MPTMS solution in benzene at r.t. for 30 minutes under an N 2 atmosphere. Finally, these substrates were successively rinsed with benzene, chloroform, methanol, and DI water, and then dried in an N 2 stream. All the solvents were of anhydrous grade. Figure 1 is a schematic of the above-described surface modification.
B. Sputter deposition
Cu (purity 99.99%) was deposited onto MPTMS-modified SiO 2 substrates using a radio frequency magnetron multi-target (Cu and SiO 2 ) sputter system (base pressure 4.0×10 -5 Pa). The deposition was carried out at a power of 15 W in pure argon gas (purity 99.999%) at a total pressure of 0. Similarly, another 10-nm SiO 2 layer was continually deposited onto Cu thin films used as specimens for TEM observations.
C. Analysis
XPS measurements were performed using a RIGAKU XPS-7000 photoelectron spectrometer equipped with a monochromatic Mg K α source (hν = 1253.6 eV). Binding energies were referenced to the C(1s) hydrocarbon peak at 284.8 eV. 24 Water contact angles were measured using a KYOWA FACE CA-DT·A contact angle analyzer. AFM analysis was performed in tapping mode using a Digital Instruments Nanoscope IIIa. Scanning electron microscopy (SEM)
analysis was performed using a HITACHI S-900. Specimens for SEM observations were coated with a 1-to 2-nm Pt layer to avoid the charge-up during electron beam exposure. Plan-view and cross-sectional TEM (XTEM) micrographs were taken in bright-field mode using a JEOL JEM2010F operating at 200 kV. Specimens for TEM observations were prepared by conventional mechanical grinding, polishing, and dimpling, followed by Ar ion milling at an acceleration voltage 4 kV at an incidence angle of 6°. EDS analysis was performed using a builtin a NORAN 663D spectrometer to the JEOL JEM2010F. The probe electron beam used for EDS analysis was focused to approximately 2.5 nm in diameter.
III. RESULTS AND DISCUSSION

A. Surface structure and morphology of MPTMS-modified SiO 2 substrates
We first clarify the surface structure and morphology of MPTMS-modified SiO 2 substrates prior to Cu deposition, because they are important factors to affect interfacial interactions and the initial growth of Cu. Table 1 shows C and S atomic concentrations and water contact angles on reported that contact angles of well-ordered SAMs formed on hydroxylated SiO 2 substrates by using NH 2 -and CH 3 -terminated alkylsiloxanes are 68° and 103°, respectively. Our measured values fall between these two values, suggesting that surfaces of MPTMS-modified SiO 2 substrates are possibly covered with disordered MPTMS layers with randomly oriented, distributed thiol groups on the uppermost surface.
Besides surface structure, we also investigated surface morphology of MPTMS-modified SiO 2 substrates using AFM. Figure 2 shows that in contrast to the smooth surface of clean SiO 2 substrates, many dispersed islands several tens of nanometers in diameter appeared on MPTMS- 
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The initial growth behavior of Cu on clean SiO 2 substrates was studied using TEM. Planview TEM micrographs of Cu on clean SiO 2 substrates after various amounts of deposition ( Fig.   3 ) indicate that Cu grew in 3D-island mode. After 1.5 ML Cu deposition, a few nuclei 2-to 5-nm in diameter appeared [ Fig. 3(a) ]. After 2.5 ML Cu deposition, subsequent nucleation led to the formation of nanoparticles at a number density of 1.3×10 16 /m 2 and at an inter-particle distance of 5 nm [ Fig. 3(b) ]. After 5 ML Cu deposition, due to migration and "liquid-like" coalescence of particles, 35 a linked-island structure was formed [ Fig. 3(c) ]. Furthermore, after 15 ML Cu deposition, the linked-island structure developed into a percolation structure [ Fig. 3 controlled by van der Waals forces are much weaker than Cu-Cu bonding, Cu adatoms easily aggregate into spherical 3D islands that minimize the total energy of Cu-SiO 2 system by reducing the fraction of exposed Cu surface.
C. Initial growth of Cu on MPTMS-modified SiO 2 substrates
The initial growth behavior of Cu on MPTMS-modified SiO 2 substrates, however, differed from that on clean SiO 2 substrates. We first investigated the dependence of the initial growth of Cu on MPTMS concentration, at which surface modification of SiO 2 was carried out. substrates modified with 0.02 M MPTMS, the distribution of Cu particles was more complicated in that two kinds of distributions appeared: one with a low number density and a long interparticle distance, and the other with a high number density and a short inter-particle distance (Table 1 and Fig. 2) . The more the amount of MPTMS on substrate surfaces, the stronger the influence of surface modification on the initial growth behavior of Cu. The similarity in the size of protrusions that have Cu particles and the size of MPTMS islands implies that the preferential-growth protrusion areas are MPTMS islands, whereas the initially non-growth, flat areas are bare SiO 2 generated by plasma damage. Therefore, we analyzed the composition at interfaces of Cu and MPTMS-modified SiO 2 substrates using EDS. Figure 9 shows that both Cu and S were detected in the protrusion area, but neither Cu nor S was detected in the flat area. This confirms our conclusion that Cu preferentially grows on MPTMS islands, showed two components, at 163.1 and 162.1 eV. Other researchers have also confirmed that S reacts with Cu to form Cu-S bonds. 39, 40 The component at 163.1 eV is assigned to RS-H species, and that at 162.1 eV is assigned to RS-Cu species. 25, 41 The coexistence of RS-H and RS-Cu species suggests that only the S on the surface of MPTMS islands interacts with Cu, whereas the S inside MPTMS islands does not contribute to interfacial interactions or to the variation of the initial growth behavior of Cu.
Based on these results, we interpret the initial growth behavior of Cu on MPTMS-modified SiO 2 substrates as follows. Due to plasma damage during sputter deposition, small MPTMS islands several tens of nanometers in diameter and bare SiO 2 areas coexist on substrate surfaces.
Due to the stronger interaction between Cu and S on MPTMS islands than that between Cu and
Si or O on base SiO 2 areas, Cu atoms arriving at the surface of MPTMS islands diffuse through non-S sites and adhere to S-containing sites, whereas Cu atoms arriving at the surface of bare deposition. This is the evidence that Cu adatoms diffuse through bare SiO 2 areas, and preferentially adhere to MPTMS islands. Because the Cu-S interaction also limits the migration and coalescence of Cu particles on MPTMS islands, Cu particles remain isolated at a relatively high number density on MPTMS islands, whereas they begin to form a linked-island or percolation structure on bare SiO 2 areas via particle migration and coalescence.
IV. CONCLUSIONS
The effect of interfacial interactions on the initial growth of Cu on clean SiO 2 and MPTMS- a Surface modificaiton was done for this specimen using the same procedure as other three specimens, except for no addition of MPTMS. 
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